The colicins are protein compounds produced by, and active against, Escherichia coli and others members of Enterobacteriaceae family. At least 34 different colicins have been described and found to share an interesting number of features. In the present review we focus on the major characteristics of colicins of gramnegative bacteria and explore their production and practical applications.
INTRODUCTION
The literature abounds with examples of antagonism between particular bacterial strains. In many instances the mediating agent is a bacteriocin. The bacteriocins are protein compounds produced by bacteria that inhibit or kill closed related species. Colicins are by far the best-characterized group of bacteriocins. They are produced by, and active against, Escherichia coli and others members of the Enterobacteriaceae family (79, 98) .
At least 34 different colicins have been described, 21 of them in greater detail (Table 1) and they share an intriguing number of features. Under conditions of stress a fraction of colicinogenic bacteria are induced to produce colicin proteins. The type of stress causing the inductive activity needs to be better characterized. The release of colicins is in itself not always lethal to the producing cell. The colicinogenic bacteria are specifically protected against the colicins they produce. In addition, colicin gene clusters are plasmid encoded (82, 98) . A number of different applications have been suggested for colicins due to their broad spectrum of action. Examples of this kind include the control of diarrheal diseases caused by enteropathogenic bacteria, as food preservatives and others (61, 98) . In this review we focus on the most important aspects of these intriguing proteins called colicins. 
PROTEIN STRUCTURE, RECEPTORS AND TRANSLOCATION ROUTES
All colicins show the same type of organization, coherent with their mechanism of action. The standard functional domain sequence of all colicin molecules is from N' (amino) to C' (carboxy) terminus. Their structure comprises three distinct domains: (A) a domain involved in recognition of specific receptors, (B) a domain involved in translocation, and (C) a domain responsible for their lethal activity, with a molecular mass of 30 to 70 kDa (5, 50) .
To exert their action, colicins must cross a physical barrier, the outer membrane with lipopolysaccharide molecules on the outer surface of its bilayer and its small pores, and be taken up by the sensitive cells (5) . Thus, the colicins developed a mechanism of parasitism of multiprotein system used by sensitive cell for important biological functions. These proteins include porins (OmpF, OmpA and OmpC), vitamin B12 (BtuB), siderophore and nucleoside (Tsx) receptors, (Table 1) as well as the multiprotein systems that contribute these proteins (49) .
Two different but homologous translocation systems have been described, the Ton and the Tol systems (Fig. 1) . The Ton translocation system is formed by TonB and two other proteins, ExbB and ExbD, which are clustered on the E. coli chromosome (2, 106) . The components of the Tol translocation system are TolQ, TolR, TolA, TolB, and Pal and their genes are clustered also on the E. coli chromosome (70) .
MECHANISM OF ACTION
Colicins kill sensitive bacteria in three main and distinct ways (Fig. 2) . The most frequent mechanism is the formation of ion channels in the plasma membrane (pore formation), resulting in membrane depolarization (5, 98) . The opening of the pore also induces a phosphate and sometimes K + efflux, which leads to depletion of cytoplasmic ATP (50) . Less frequent is the nuclease activity of colicins, which can be directed against the chromosomal DNA (acting as a nonspecific DNA endonuclease) or a specific endonuclease against 16S-rRNA. The least frequent is degradation, catalyzing the hydrolisis of the β-1,4 bond between N-acetyl glucosamine and N-acetylmuramic acid in the glycan backbone of the bacterial cell wall or inhibition of synthesis of wall peptidoglycan or murein inducing the formation of spheroplasts and consequently, cell lysis (47, 98) . Interestingly, the mechanism of inhibition of murein synthesis and hydrolysis is quite similar to betalactamic antibiotics and lisozyme action.
The mode of action of many colicins has not been clarified. However the colicin A (pore forming) and colicin E groups (nucleases) are the most thoroughly understood, as shown in Figs. 3 and 4 , although the molecular events of translocation and final interaction with a particular cellular target are not known for most colicins (19, 49) .
GENETIC FEATURES, COLICIN SYNTHESIS, INDUCTION AND CELL DEATH
The synthesis of colicins is coded by genes on the socalled Col plasmids which may or may not be conjugative or even able to mobilize the transfer of genes encoding for antibiotic resistance and other genes encoding virulence factors of uropathogenic E.coli (16, 32) . The pCol plasmids vary widely in size, commonly from 6.6 Kb (pColE1) to 94 Kb (pColH); however plasmids smaller than 5.5 Kb and plasmids larger than 94 Kb have been detected (98) .
The basic genetic structure of colicin consists of a gene cluster that carries at least two, usually three genes, the colicin structural gene (col or cea in the pColE1), followed by the gene (imm) for the structure of the immunity protein and finally the gene (kil) encodes for the lysis protein or bacteriocin release protein (BRP).
Colicin production is induced by DNA-damaging agents, or environmental factors such as increasing population density and nutrient depletion (65) . E. coli cells containing the Col plasmid normally synthesize the bactericidal colicin at low levels, but exposure to DNA-damaging agents such as UV irradiation or mitomycin C induces high levels of synthesis (44) . The factor responsible for this induction is the bacterial "SOS system of DNA repair" which causes RecA proteinase activation and consequent inactivation of Lex A protein, which is a repressor of many DNA repair genes and also of plasmid genes for colicin synthesis (56, 99) . Under standard, but unknown, conditions, colicin synthesis is switched off in most cells of the population; it occurs only in a small part of the population as a result of a random activation of the "SOS system of DNA repair" (98) . Other mechanisms of colicin synthesis have been described such as nonspecific catabolic repression and mRNA regulation by "stringent response" (55, 86) .
Colicin release into extracellular medium requires the expression and activity of a so-called BRP or lysis protein (108) .
The lytic protein is a small lipoprotein that activates the endogenous outer membrane phospholipase A which is important for the permeabilization of the cell envelope (lysis) and death of the producer bacteria (21) . However, some colicin gene clusters do not contain a gene kil (lysis protein) and the mechanism by which these colicins reach extracellular environment is unclear.
IMMUNITY TO COLICINS
Colicinogenic bacteria are protected against colicin molecules they produce. This specific protection is provided by an immunity protein that interacts specifically with the Cterminus domain of the colicin protein, rendering it inactive (75) . The immunity proteins that bind in the cytoplasm to the colicins with nucleasic activities such as E2 and E9 are released as an equimolar colicin-immunity protein complex into the extracellular medium. The immunity proteins of the colicins with pore-forming activity such as Ia and Ib are found and active in the cytoplasmic membrane, and these colicins are released without bound immunity proteins (12) . Expression of the immunity genes may or may not be subject to the "SOS system of DNA repair" control. The immunity genes with the same transcription polarity as the colicin genes are controlled by the "SOS system of DNA repair", whereas immunity genes transcribed in opposite orientation have their own, usually weak, promoter (10) .
COLICIN ECOLOGY
From an ecological point of view, colicins are anticompetitor molecules (23) . Although research on colicins has generated a wealth of information in terms of molecular genetics, mode of action and application, little is known about the natural ecology (24) . The production of substances that exhibit antimicrobial characteristics such as colicins is one of the numerous mechanisms that enable bacteria to respond to environmental challenges (11) . It apparently plays a role in competitive interactions between members of a microbial community (82) .
Although colicin production is widespread, colicins are assumed to be of greater significance in intra-rather than Co-expression and rapid association of the immunity protein (small dark gray rectangle) with its cognate colicin confers protection to cells harboring the col plasmid both during colicin production and after its release. The R domain (black rectangle) binds to its receptor (BtuB) on the outer membrane. Probably at this time, the immunity proteins dissociate from the complex and then translocate their activity domain-Dnase (dark gray rectangle) with the help of Tol proteins. Nonspecific cleavage of double-stranded DNA occurs in the cytoplasm (Adapted from Cramer et al.) (19) .
interspecies competitive interactions. This concept results from observations suggesting that a colicin produced by one species is usually not effective against strains from different species (28). The best evidence for the ecological role of the colicins is the high frequency at which natural colicinogenic strains are encountered (75) . The frequency of colicinogeny in E.coli strains is usually reported to be 24-45% (9). Little is known about the factors that determine the frequency of colicinogeny in natural populations (38, 88) . However, Pugsley (74) reported that more than 30% of lactose-fermenting gram-negative bacteria isolated from the River Seine produced one or more colicins, which were active against E. coli K12, a standard colicin indicator strain. Surprisingly, 98% of these strains were susceptible to classic antibiotics (76) .
Studies suggest that colicinogeny is more frequent among pathogenic than commensal isolates and that it is more prevalent among humans isolates (50%) than animal isolates (16%) (80, 109) .
It seems unclear whether colicinogeny itself is an independent pathogenic factor or whether it is an associated marker of other virulence factors. However, several virulence factors including synthesis of aerobactin, alpha-haemolysin and P-fimbriae are known to be associated with some colicins and may account for this association (22, 60, 63) .
The increased virulence of colicinogenic strains, in particular of those producing colicin V (has been now classified as a microcin V) might be due to these virulence determinants since colicin V itself does not seem to act as a pathogenic determinant, though a report has been shown that colicin V is directly involved in pathogenesis. (63, 111) .
Recent data reported by Šmarda and Obdrzálek (94) showed that 41% of E. coli strains isolated from healthy humans in the Czech population produce colicins. The same incidence of colicinogenic producers has been found in the bowel of patients suffering of salmonelloses or malignant tumors of bowel. The incidence of haemolytic uropathogenic strains detected in these patients was only 22%, whereas and incidence of 48% was found in the bowel of patients with Crohn's disease and the highest incidence, 56%, was found in patients with ulcerative colitis.
POPULATION ANALYSIS
A number the theoretical models investigating the population dynamics of bacteriocin-producing bacteria have been described (15, 28, 51) . These models assumed the existence of a cost-benefit ratio. (23, 51) . The sensitive cells are favored because they do not need to pay the cost associated with colicin production, i.e. the loss to the colicinogenic population due to colicin synthesis and subsequent cell lysis and the growth rate disadvantage resulting from the energetic costs imposed by colicin plasmid carriage (11) . However, for the colicin-producing strain to invade a new habitat these cost must be exceeded by the advantage gained due to the fact that colicin production is determined by: the initial density of colicinogenic cells and by the rate at which sensitive cells are killed by the colicins, which in turn is determined by the amount of colicin released per lysed cell and by the rate at which colicin binds to sensitive cells (15, 28, 51, 82) .
Some studies have suggested that the dynamics of these competitive interactions differ in different cells habitats (15, 81) . It has been proposed that invasion of a sensitive population by a producer strain is predicted to be ineffective in a homogeneous, well-mixed medium, such as liquid culture, unless initial frequencies is high. This is due to the dilution of toxin in liquid culture and the cost of colicin production. On the other hand, it has been predicted that sensitive strains at low initial frequencies will not invade a colicin-producing population in a liquid culture due to the high levels of toxin present (62, 79) . However, if there is a structure of the environment, such as a solid surface, and there is spatial heterogeneity in resource abundance, then a stable polymorphism of producer and sensitive strains can exist. In summary, sensitive strains will persist in poor habitats where the rate of resource competition is high, while producing strains will persist in rich habitats where resource competition is low and where they can take advantage of rich nutrient and energy sources for colicin production (28) .
COLICINS EVOLUTION
Due to the large amount of information available, the colicins have served as a model to investigate the mechanism of evolution and diversification of bacteriocins (26, 83, 103) . Most of these studies has involved comparisons of DNA and protein sequences among colicin, immunity, and lysis genes, and encoded proteins to infer evolutionary relationship and molecular mechanism of diversification (79).
Riley (77) distinguished five classes of colicin proteins based on sequence comparisons. In the cited study she found a high similarity within class, except for colicin B, which shows similarities with colicin D (Fredericq, personal communication) . The most interesting inference from the phylogenetic data of colicin protein is that this class of proteins represents a highly heterogeneous group (78).
Tan and Riley, (102) propose two different hypothetical models to explain the evolutive diversification of the colicins: positive selection and recombination.
The role of positive selection in colicin evolution has been proposed to explain an unusual pattern of divergence between two pairs of gene clusters (E3/E6 and E2/E9-nucleases). Comparisons of DNA sequence showed an apparent excess of synonymous substitutions (which alter a codon but not alter the specific amino acid) and nonsynonymous substitutions (which alter a codon as well as the specific amino acid) in the immunity portion, the immunity gene and the immunity binding region of the colicin gene.
To elucidate this phenomenon, a process of diversification was proposed. First of all, a point mutation occurs in the immunity gene of a colicin that confers a broadened immunity function. Those cells are immune to themselves, to their immediate ancestors, and to several other colicins (Fig. 5.1 ). This evolved colicin gene cluster will have an advantage over its ancestor in the presence of colicin and will be selectively retained in the population. Then, a second mutation may occur in the evolved colicin gene, resulting in a gene cluster that has a colicin to which its ancestor is no longer immune (Fig. 5.2) .
A strain carrying this evolved colicin gene cluster will have a large and selective advantage. Hence, positive selection will drive this 'super killer' rapidly into the population, and repeated rounds of this form of diversification of immunity function will result in the accumulation of synonymous and nonsynonymous substitutions in the immunity portion (79) .
In this case, positive selection can act to produce more and more diversity. Thus, the mechanism of 'super killer' appearance could be contributing to the enormous variation in E. coli DNA (5%)-the highest diversity to be expected in a single species (58) .
The second model, recombination, could explain why within pore-forming colicins the protein sequence similarity is low, rarely exceeding 40%. Some findings have shown that in this group of colicins regions of the colicin gene sequence encoding rather precise functional domains have recombined to give rise to new colicins. Such recombination events occur between and within the groups of pore-forming colicins (79) . Comparisons of DNA and protein sequence similarity of this colicin group have shown that they represent a highly divergent class of proteins and that they share a common ancestor. Thus, the process of diversification of pore-forming colicins is the result of numerous recombination events that play a role in selecting random functional domains of these colicins and generating novel types of colicins (80) .
COLICIN RESISTANCE
There are two primary mechanisms that result in insensitivity of E.coli cells to the action of colicins, aside from the immunity mechanisms of the colicinogenic host: (a) resistance that evolved as an alteration by mutation or absence of a colicin receptor, and (b) tolerance that is related to absence of a functional colicin translocation system (20, 31, 91, 110, 112) .
Gordon et al. (33) revealed that more than 70% of natural isolates of E. coli were resistant to at least one colicin and 30% of the isolates were resistant to three or more colicins. Loss of the receptor can confer resistance to all colicins that recognize a certain receptor. However, other receptor mutations have been described that provide specific resistance to a single colicin or a subset of colicins (10, 44, 71) .
It should be pointed out that the sensitivity of strains observed under natural conditions may change under in vitro conditions.
ACTION OF COLICINS ON EUKARYOTIC CELLS
Studies on the action of colicins on eukaryotic cells has been done since the 70´s. Farkas-Himsley and Cheung (25) reported toxic effects of several bacteriocins produced by gramnegative bacteria, including colicins, on various eukaryotic cells. Šmarda et al. (95) detected inhibition of mouse fibroblasts L and human epithelial HeLa cells by colicin E3.
Saito and Watanabe (85) reported toxic effects of a colicin on the established mouse neoplastic L60T line. Many attempts were made to prove inhibitory effects of bacteriocins on mammalian cells, including tumor cells (92) .
Standard cells were shown to be less sensitive to colicins than tumor-transformed ones and malignant animal cells were more sensitive than human cells. Šmarda et al. (95) and Šmarda (92) described the inhibitory effects of colicins on eukaryotic cells in culture and also in vivo. In the first of these studies, several degrees of activity of a colicin towards various cells were found to be common, as later observed by others (54) .
Recent reports, (94) showed that both colicins E1 and E3 were cytotoxic to oncogene v-myb-transformed chicken monoblasts. Chumchalova and Šmarda (personal communication) reported that colicins E1 and especially A inhibited 11 human tumor cell lines carrying determined mutations of the p53 gene, while the parallel inhibition of a standard human fibroblast line was very low. The effect was cytotoxic. In the same systems, colicins E3 and U were shown to be ineffective. In addition, Oravec and Šmarda (personal communication) studied the effects of colicin E3 on solid HK-adenocarcinoma of mice in vivo. Tiny doses injected daily directly into subcutaneous nodes of the tumor reduced tumor weight by 61%. Colicin E2 and A dramatically decreased the viability of three murine lymphoma cells lines by 40-58 %. Colicin A treatment of mice with transplanted LP-2 plasmocytoma prolonged their survival by 43 %.
PRACTICAL APPLICATIONS OF COLICINS AND PERSPECTIVES
A number of practical applications of colicins have been suggested, especially due to their antimicrobial properties. Different biological problems can be addressed using the colicin system (44) . Interest in natural products rather than man-made chemicals should lead to further opportunities for the use of colicins in areas such as the control of plant diseases of bacterial origin, and even in medical applications as preparations of colicinogenic E.coli strains commercially available under the names of MUTAFLOR â and SYMBIOFLOR â which have proved to be successful in the treatment of idiopathic chronic constipation as well as functional intestinal disorders and chronic inflammatory bowel disease (45, 52, 53) . In addition, a promising field in biotechnology is the use of bacteriocin release proteins (BRP) or lysis proteins mediating the release of a wide variety of heterologous proteins. Since expression of BRP causes the release of almost the entire periplasmic content, expression and processing of the target protein should be highly efficient to selectively enrich the culture medium with the target protein (100, 108) . The last, but most hopeful example, is the antitumor effect of colicins that was confirmed in vitro as well as in vivo. In the future, colicins could be used against certain types of tumor such as lymphosarcoma, breast carcinoma and different colon tumors (91, 92, 95, 96) .
CONCLUSIONS
The start of colicin research was not motivated by any concrete needs (34) . The colicins were and are studied simply because they exist (98) . They represent a special and highly successful adaptation form of environment challenge and an important source of data for the understanding of bacterial relationships, their evolution and diversity. Studies about colicins were and still are promising not only because of their possible applications, but especially to discover how complex and wonderful the bacterial universe is.
RESUMO Aspectos atuais de colicinas de Enterobacteriaceae
As colicinas são compostos proteináceos produzidos por Escherichia coli e outros membros da família Enterobacteriaceae, sendo ativas, principalmente, contra bactérias mais relacionadas. São conhecidos pelo menos 34 tipos diferentes de colicinas, apresentando algumas delas características intrigantes. Nesta revisão são abordados os principais aspectos das colicinas das bactérias gram-negativas, explorando desde sua produção até ass suas aplicações práticas.
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